In this study we have used high-resolution P-and S-wave velocity results to estimate crack density (ε, epsilon) and saturation ratio (ξ , xi) at a depth of 2 km in an intramountain basin and surrounding regions. Detailed observations of gravity, seismic profile and geological data reveal high ε consistent with large sedimentary thickness and minimum ε coinciding with elevations arising from the basement of the basin. From the distribution of seismic measurements of ξ it is possible to identify the presence of aquifers in detrital sediments, sandstone and dolostone. However, ξ does not show significant changes for the aquifers in geological formations made up also of schists and marbles. A low ξ anomaly in the western part could be associated with Triassic evaporite and clay rocks, and high values of ξ in the southwestern part near thermal springs may be imaging the intricate system of fractures which connect at depth with aquifer rocks.
I N T RO D U C T I O N
Seismic wave velocity across the earth's interior depends on many factors and it is often difficult to isolate one specific factor from the others. Composition, fluids, saturation condition, temperature and ambient pressure all affect the velocity variations of seismic waves (Sanders et al. 1995) . In addition, at the shallowest layers of the crust the velocity is strongly influenced by diverse physical factors, such as the existence of dry (Stan-Kleczek & Idziak 2008) and saturated cracks (Berryman 2007) . Fluid-filled separated crack systems control the polarization of S waves (de Lorenzo & Trabace 2011 ). An open, fluid-filled fracture has a stronger effect on the wavefield than the wet and dry multiple crack models because an open fracture would have a stronger dissimilarity to the background rock (Hall & Wang 2012) . Laboratory experiments show that crack porosity significantly decreases the seismic velocities even in lowporosity igneous rock (Birch 1960 ). If we consider a distribution of many fractures, even when the overall density of fractures is held constant, longer fractures attenuate seismic energy more than smaller ones (Hall & Wang 2012) . Empirical results support the hypothesis that diverse physical and chemical factors, for example, dehydration of a subducted slab (Salah & Zhao 2003; Wang et al. 2009; Brantut et al. 2012) , can induce variations in the Poisson's ratio (σ ), which is directly related to V P /V S , for the same lithology. Potential sources of the fluids may be meteoric water, fluids trapped in pore spaces (Kerrich et al. 1984) and metamorphic dehydration of minerals (Ague et al. 1998) .
The analysis of seismic wave behaviour through the previously identified geological environments could improve our knowledge of the influence of physical conditions on the relation between lithology and seismic velocity. Shear wave is also extremely important for identifying fluid accumulation in the rock because it does not pass through liquids, and its velocity depends on the density and rigidity of the material. This means that by calculating the ratio between compressional and shear velocities we can discriminate between rocks that have the same compressional velocities but different shear velocities, presumably due mainly to different physical conditions inside a specific lithology.
G E O L O G I C A L , G E O P H Y S I C A L A N D H Y D RO L O G I C A L S E T T I N G S
The geological structure of the study area is an intramountain basin filled with Neogene and Quaternary sedimentary rocks lying unconformable over the external zones (EZ) of the Betic Cordillera to the north, and the internal zones (IZ) to the south, of which they form the basement (Fig. 1) . This cordillera has been deformed by regional horizontal shortening oriented WNW-ESE or NW-SE, which gradually rotated to the NNW-SSE in the Late Miocene (Sanz de Galdeano 1990) , at the same time as the Granada basin (Figs 2, 14a and b, 15 and 16) was formed. However, the state of stress determined by focal mechanisms and surface geological data indicate present-day regional conditions of ENE-WSW tension (Galindo-Zaldívar et al. 1999; Sanz de Galdeano et al. 2010) . The compressive regional stress field, related to the approximately NW-SE convergence of the Eurasian and African plates, has led to folding of the basal metamorphic rocks of the Betic IZ as well as the Neogene-Quaternary sedimentary infill. Tensional deformations were accommodated mainly by NW-SE normal faults (Sanz de Galdeano et al. 2012) . The EZ are in the north and west sides of the basin and are mainly comprised of Jurassic and Cretaceous carbonate sedimentary series. The IZ are located in the eastern and southern parts of the basin and consist of several tectonic units, mostly formed by metamorphic rocks from the Palaeozoic and Triassic Ages.
According to previous field measurements (Jiménez-Pintor et al. 2002) , the minimum gravity anomaly observed in the local gravity map is clearly associated with the main depocentres or with Triassic rocks located in the basin basement (Fig. 13c) . Morales et al. (1990) and Rodríguez-Fernández & Sanz de Galdeano (2006) used seismic reflection profiles and a Bouguer anomaly map to identify the contact between the hard rock basement and the sedimentary filling and located the most important depocentres in the Granada basin and adjacent areas (Granada, Cubillas, Genil and Chimeneas according to Morales et al. 1990 ; Granada, Cubillas, Pinos Puente (previously referred to as Genil), Arenas del Rey and Padúl-Dúrcal, according to Rodríguez-Fernández and Sanz de Galdeano 2006; see name locations in Fig. 16 ). Sometimes, the sediment can reach about 2 km thick and is located below sea level. Likewise, gravity models reveal the asymmetric character of most of these depocentres, which constitute half-graben structures bounded by normal faults. In addition, the most intense magnetic anomalies are located in the southeastern sector of the basin and are related to shallow bodies of amphibole schists from the IZ.
From a hydrogeological point of view, there is an important aquifer in detrital sediments in the northeast part of the Granada basin (Fig. 14b) . This aquifer, known as 'Vega de Granada', has an impermeable substratum made up of mudstones and clays from the Messinian and Pliocene, respectively (Castillo Martín 1986 , 1989 . Aquifers in marbles and dolostones can be found in to the southern and eastern part of the basin, coinciding with the IZ of the Betic Cordillera. Similarly, the western and northern parts of the basin are surrounded by aquifers in dolostone and limestones which largely coincide with the EZ. It is also important to highlight the presence in this region of geothermal anomalies which are manifested in the form of thermal springs. One of the most illustrative examples are the thermal springs in Alhama de Granada, which are situated over the contact between the EZ and IZ of the Betic Cordillera (Fig. 1 , lower) and are probably associated with fractures which connect at depth with aquifer rocks (López-Chicano et al. 1992) . These fractures belong to the geological framework of the boundary of the Neogene depression, and many of them are seismically active.
M E T H O D O L O G Y
The product of compressional and shear wave velocities, V P × V S , has been used to delineate porosity in sedimentary rocks (Iverson et al. 1989) . It has been observed that lower V P × V S indicates an increase in porosity whereas V P /V S , which is constant for a specific lithology, does not change with porosity (Pickett 1963; Tatham 1982) . As a result, V P /V S , or σ , is commonly used to delineate lithology, while the product V P × V S identifies variations in porosity (Tatham 1982; Iverson et al. 1989) .
For their part, high-(porosity) areas are generally consistent with high-ε (crack density) areas, but high-ξ (saturation rate) areas have a wider distribution. This shows that microcracks exist in more localized areas within the crust, and that permeation of fluids in the hypocentre zone may have occurred extensively through the intergranular and fractured pores due to hidden intersecting fault geometry (Mishra & Zhao 2003) .
The method presented by Lees & Wu (2000) based on the porosity theory proposed by Pickett (1963) was used to estimate porosity ( ). The Pickett (1963) model does not assume that the rocks in the study region necessarily behave like sedimentary rocks, but rather that the bulk properties of the highly fractured, fluid-saturated regions probably behave like a porous medium. Pickett's porosity theory (1963) states that is directly proportional to the product of the seismic velocities (V P and V S ), which can be expressed as
where d / is the change in porosity per unit of porosity, while dV P /V P and dV S /V S are perturbed values of V P and V S , respectively (Mishra & Zhao 2003) .
Research on high-resolution 3-D compressional and shear velocity structures derived from traveltimes of earthquakes has been used to obtain distributions of Poisson's ratio (σ ) and porosity (ψ) using the relations (1) and (4), respectively.
Using these formulas, Zhao & Negishi (1998) associated areas with high-aftershock activity with low-Poisson's ratio that may represent the brittle and competent patches of the fault zones, and low P-and S-wave velocities with high-Poisson's ratio at the hypocentre of the 1995 Kobe main shock (M = 7.2). In a similar manner, Lees & Wu (2000) derived distributions of Poisson's ratio and porosity to delineate possible zones of intense heat, fracture accumulation and fluid saturation in the Coso geothermal area, California. And, highcrack density (ε, epsilon), high-saturation ratio (ξ , xi) and highporosity (ψ, psi) may be due to a fluid-filled, fractured rock matrix, which might have helped trigger off the 2001 Bhuj earthquake in the intraplate, stable continental region of the Indian Peninsula, closely related to in situ material heterogeneities, rather than stress conditions alone (Mishra & Zhao 2003) . This feature is similar to that of the 1995 Kobe earthquake (Zhao et al. 1996) . O'Connell & Budiansky's theory (1974a,b) is based on the results of experiments, in which thin randomly oriented ellipsoidal cracks are treated in a self-consistent fashion to provide an estimate for macroscopic properties even when many closely spaced cracks are present. In these experiments dry and saturated cracks are considered as well as the possibilities of partial saturation and saturation with anomalously compliant fluids. The studies show a sequence of measurement of elastic wave velocities that may be used together with the theory to infer the corresponding history of crack concentration and saturation. O'Connell & Budiansky (1974a,b) discussed these outcomes and on the basis of the aforementioned experiments presented simple mathematical expressions for the elastic module of a cracked solid that enabled straightforward evaluation. The most important parameter used in this study was crack density ε. This parameter only depends on the area and the perimeter of the cracks and not on their thickness, and is therefore independent of crack or pore volume. This is the only parameter that can determine the elastic properties of dry or water-saturated cracks.
According to these authors, crack density may be determined regardless of the interpretation of the state of saturation, and it may be estimated directly by observing crack traces in plane sections.
Comparison of the theory with wave velocities measured in laboratory rock samples demonstrates its validity for large crack densities.
The crack density parameter (ε) can be defined for circular cracks of radius a, as N (a 3 ), where N is the number of cracks per unit volume. Suppose that N 1 cracks per unit volume are dry and that N 2 = N -N 1 cracks are saturated, the saturation rate ξ is defined as N 2 /N. These definitions show that the shape and aspect ratio of spheroidal cracks would have little effect on seismic velocity. Zhao & Mizuno (1999) gained a greater insight into the physical properties by estimating the 3-D distribution of crack density and saturation ratio by applying the crack theory (O'Connell & Budiansky 1974a,b) to values obtained from seismic tomography in the Kobe region. Continuing this line of work, we used the high-resolution P-and S-wave velocity models presented previously (Serrano et al. 2002) to estimate the distribution of crack density and saturation ratio in the central Betic Cordillera, applying the partial saturation crack theory of O'Connell & Budiansky (1974a,b)
whereK is the bulk modulus,Ē is the Young's modulus,Ḡ is the shear modulus andσ is the Poisson's ratio, all referring to the volume of cracked rock. K, E, G and σ are the quantities for the volume of uncracked rock (note that in the above formulas in their original form the symbol used denoting the Poisson's ratio was ν and in recent years the symbol for Poisson's ratio it is generally referred to as σ ).V P ,V S are P-and S-wave velocities for cracked volume. V P and V S are velocities for uncracked rocks. Using the above theory it is easy to estimate the crack density (ε) and saturation ratio (ξ ) of compressional and shear wave velocities gained from inversion of P-and S-wave arrival times.
DATA S E L E C T I O N
We calculated crack density and saturation ratio from the results of a high-resolution seismic tomography conducted previously in the region (Serrano et al. 2002) . Bearing in mind that lithology may be more fundamental than other factors in seismic velocity variation and focusing our attention on research into the physical properties, we divided the study area into three separate regions according to their geological features: Granada basin, EZ and IZ. Based on the assumption that non-cracked rocks have the maximum seismic velocity for each specific lithology, we applied the above theory, separately, in each of these three regions. The values obtained using the crack density theory were combined with gravity and magnetic local anomalies, associated previously with the areas of maximum deposition or low-density rocks in the region. In the same way, the distribution map of saturation ratio was consistent with the available information on aquifers in detrital sediments and carbonate rocks.
For the tomography study (Serrano et al. 2005) we selected a set of earthquakes which are located between 36
• 48'N and 37
• 12'N and 3
• 24'W-4
• 03'W (Fig. 2) . These earthquakes were selected because they have a minimum number of arrival times (at least 10) and a uniform spatial distribution in the study area. 96 per cent of the earthquakes selected had a rms of less than 0.2 s and the maximum rms for the hypocentre locations was 0.9 s. The seismic stations used are densely and uniformly distributed in the study area (Fig. 2) . Finally, we selected a total of 2889 earthquakes, with hypocentres located using the method proposed by Lienert et al. (1986) in order to apply the tomography method of Zhao et al. (1992 Zhao et al. ( , 1994 . The mean error was 2 km for the latitude, 0.8 km for the longitude and 1 km for the depth provided by the location program. The depth of the selected earthquakes ranges from 0 to 40 km. Most of the events have focal depths of less than 20 km below the Granada Basin; only the events located beneath the southwestern part of the basin are deeper. A total of 15 407 P arrivals and 13 704 S arrivals were collected from these earthquakes in the study area of 97 × 52 km 2 . For stations of the Andalusian Seismic Network, the accuracy of time picking of the P and S digital arrivals may be estimated in the most favourable cases as ±0.01 s. For less impulsive digital arrivals or poor signal-to-noise ratio, the accuracy is lower, but never more than 0.1 s. For the analogue recordings (less than 4 per cent of the total number of data used in this study), the mechanical characteristics of the drums and the velocity of development of the traces (2 mm s -1 ) limit the accuracy to about ±0.2 s. The traveltime picking of the S arrivals were extracted from the vertical component recordings, as all stations where equipped with short-period vertical sensors. The errors for the calculations of the 3-D model V P and V S are shown in Fig. 3 for each damping from 5 to 100. Through detailed resolution analyses, using the checkerboard resolution test (Humphreys & Clayton 1988) , we found that a grid spacing of 5 km in latitude, 5 km in longitude and 2-4 km in depth was suitable for the data set and produced reasonable results. The vertical grid spacing of 2 km was used down to a depth of 10 km because we had a lot of seismic rays (depending on the earthquakes and the seismic stations) and we expected to obtain high resolution. From 10 km downwards the grid space was 4 km (because we had less ray coverage than in upper layers). We solved the inverse problem for 3996 (2015 for P waves and 1981 for S waves) velocity parameters at the grid nodes with hit counts (number of rays sampling a cell) greater than 10. However, for this work we decided to use only the results obtained at the first slice (a depth of 2 km) for various reasons: (1) the highest resolution, which was of 5 km in the horizontal direction and 2 km in depth due to the density of rays path coverage was very good in almost the whole area with the highest density in the central part of the Granada basin (Serrano et al. 2002) , was achieved at this layer; (2) for pressures of over 100-200 MPa, the effects of cracks and porosity were negligible (Christensen 1996) ; (3) we have a better knowledge of the structure of the earth's interior at layers closer to the surface; (4) with the increase in depth it is more difficult to relate temperature-pressure and seismic velocity. We must also bear in mind that the seismic tomographic results are strongly fixed within the spatial distribution of grid nodes in the modelled space, and that the velocity at any position is calculated by using an interpolating function. For these reasons, the assigned results at 2 km depth were reached by calculating from 1 to 3 km depth. The distribution of the various parameters calculated in the fractured rock are shown in Figs 4-12. We then used a mathematical method called kriging to interpolate the values obtained in the grid nodes and produce a clear image of the crack density and saturation ratio in the Granada Basin.
D I S C U S S I O N
In view of the fact that there is no volcanism or significant variations in temperature in the study area, the anomalies in ε and ξ may be related to changes in cracks and fluid distribution. In addition, we applied O'Connell & Budiansky's theory separately to each specific geological environment to avoid the influence of the lithology on the results. Sedimentary thickness varies substantially across the Granada basin, a fact revealed in the two gravity models along NS and NE-SW profiles, shown in Fig. 13(c) (Jiménez-Pintor et al. 2002) . These models clearly show a minimum gravity anomaly associated with the main depocentres along these profiles. Fig. 13(b) shows NS and NE-SW vertical cross sections of ε, for the same area. If we compare the gravity values and the seismic data, it is easy to see that low-gravity values coincide with high-ε values (Pinos Puente area) and that the highest gravity values match the lowest ε values (Sierra de Albuñuelas, at NE Bermejales area), which in turn means that increased sedimentary thickness is associated with higher ε values. The presence of the most important depocentres in the basin had previously been determined using the isopach and structural map derived from seismic reflection profiles, (Morales et al. 1990; Rodríguez-Fernández & Sanz de Galdeano 2006) and for all of them ε was larger than 50 per cent. This may be due to the fact that the sites with the largest depositions are separated by ridge areas through a set of important fractures (Morales et al. 1990) .
C O N C L U S I O N S
In the studied area the anomalies in ε and ξ may be related to changes in cracks and fluid distribution. According to Zhao & Mizuno (1999) , high-saturation ratio areas are generally consistent with high-crack density areas, and microcracks exist in localized areas, while fluids are permeating through wider areas of the crust. In general, the comparison between Figs 13(a) and 14(a) supports this hypothesis, although there are discrepancies in some areas, such as the eastern boundary of the basin, where the crack density is relatively high, but the saturation ratio is low. According to the hydrogeological studies carried out in this area the rocks are completely saturated at a depth of around 2 km. The minimum ξ values therefore correspond to saturated material, but with less saturated cracks than the surrounding rocks. Low-gravity values coincide with high ε values (Pinos Puente area) and that the highest gravity values match the lowest ε values (Sierra de Albuñuelas, at NE Bermejales area), which in turn means that increased sedimentary thickness is associated with higher ε values.
For the depocentres ε was larger than 50 per cent. Indeed, the crack density map reflects the tectonic features more than the distribution of sedimentary thickness. The greatest crack density coincides in its northern part with the depocentre of Pinos Puente-Genil and in its southern part with that of Chimeneas, approximately at the centre of the Granada Basin, whose surface tectonics are dominated by faults running E-W. The area distribution of the crack density tends to extend along its main axis in the same E-W direction. The areas located E-NE of the Granada Basin show an intermediate degree of cracking with relative maximums, which also coincide with the locations of the depocentres of Granada, and in an anticlockwise direction, towards the N and NW, the depocentre located under the reservoir of Cubillas and in the N part of Sierra Elvira and Sierra de Obéilar, where surface cracking in the form of faults follows a preferential NW-SE orientation (Fig. 16) . In general in these areas there was also a release of energy in the form of seismic activity (Fig. 2) , which shows that they have suffered an accumulation of tectonic stresses which may also have been an important factor in the cracking. The areas with the lowest crack density are those ringed by the rocks of the IZ and the Sub-Betic rocks.
The distribution of the V P and V S parameters shows an increase in their values which coincides with the most important mountainous areas and a fall in their values in the deepest areas where the depocentres are located. The parameter V P /V S varies in the same way. The Poisson's ratio by contrast increases in the most mountainous areas and falls in the areas of the depocentres.
The distribution of the saturation ratio at 2 km depth (Fig. 14a) shows that it is possible to identify the presence of aquifers in detrital sediments using seismic measurements. The northeastern Granada basin shows the largest ξ anomaly (around 60 per cent) through the study area, occupying the same relative position and showing a similar outline as the 'Vega de Granada' aquifer (Fig. 14b) . The western edge of the basin shows a low-ξ anomaly, which could be associated with Triassic evaporite and clay outcrops exposed within a short distance. Jiménez-Pintor et al. (2002) associated the minimum observed in the Bouguer anomaly map in this area, to low-density bodies (from 2.2 to 2.3 g cm -3 ) probably corresponding to the aforementioned Triassic rocks. The low-ξ values obtained for these impermeable rocks can be explained because of their intrinsic physical properties. By contrast, the high values of ξ in the southwestern part, near the thermal springs of Alhama, could be imaging the intricate system of fractures which connect at depth with aquifer rocks.
On the other hand, the aquifers in sandstone and dolostone belonging to the EZ are closely correlated to the high-ξ anomalies obtained in the northwest and southwest outer edge of the basin. However, for the aquifers belonging to the IZ, in the south and east outer edge, we observed lower ξ values than those obtained inside the basin. This may be due to the lower relative permeability of these formations, made up of schists alternating with Triassic limestone and marbles (Alonso-Chaves 1995) and dolostones.
The areas with the highest crack density normally coincide with those with the highest degree of saturation in the Granada Basin, which leads us to conclude that tectonics had a profound modelling effect on the Granada Basin, and that the cracking and subsequent sedimentation in the basin enhanced the probability of water accumulating. The main aquifers are formed by the rocks that surround and form the boundaries of the Granada Basin, but at depth these same rocks, due to a large extent on their cracking, also allow a high degree of water saturation to take place. Surface cracking is very probably a sign that there is also cracking at depth, and that this cracking may be denser than that seen on the surface due to the seismotectonic activity present in the area.
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